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By John C. Evvard

HJMNIARY

A derivation is presented to show that, if the air-fuel ratio
at lean mixtures is plotted agaist the fuel-air rati~a~r-~~h mix-
tures for identical values of the knock-limited (or proignition-
limitcd) indicate~ mean ef’fectivapressure on each side of the n~ini-
mum indicated-mean-effective-pressurepoint, a straight line should
result. This linear relation is checked for several cases of knock-
limited and prej.~~j.tion-liwitedCFR engine data. The correlation
obtained indicates that the influential variables controlling the
knock-limited (or preignition-limited)performance of a fuel in the
lean-mixture and rich-mixtl~e branches of the performance CUI:VGare
related.

INTRODUCTION

Considerate experimentation has been conducted by American and
foreign e,ngineeiinslaboratories to determine the effects of fuel-

air ratio on the “knock-limitedperformance of various fuels. The
determination of what causes fuel-air ratio to be important, however,
is extremely difficult, and the results from engine tests, even with
fuels of standardized composition, are b.yno means consis-tent.Under
special circumstances the apparent effects oi?fuel-air ratio are
influenced by tho ekhaust pressure, by the mechanical condition of
the engine, by the mode and time of fuel injection (intake or cylin-
der), and by the severity of the engine conditions. Certain general
effects of fuel-air ratio in relation to other variables have never-
theless been observed. For instance, both the “best economy” spark
advance (reference 1) and the mean effective gas temperature (refer-
ence 2) are ird?luencedby fuel-air ratio.

Curves other than the custo~ry ones showing the variation of
power with fuel-air ratio have been applied to both knock-limited
and preignition-limited data with some sucess. Under some circumstances
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curves of knock-limited air flow against fuel flow for supercharged
engines yield two straight intersecting lines, one for ~he lean-mitiure
region and one for the rich-mixture region. Charts in reference 3,

obtained by plotting preignition-limitedair flow against fuel flow, also
show two intersectin~ lines. A certain degree of correlation, there-

fore, apparently exists between lean-mixture and rich-mixture knock-

limited (or preignition-ltiited) performance.

A lean-rich correlation based on the assumption that ylotting
knock-limited or preignition-limitedair flow against fuel flow
gives two intersecting straight lines is described herein. The
method is checked for several cases of knock-limited and ~reignition-
limited data. The work was conducted at the Cleveland laboratory
of the NACA.

A~~AL~Is

Consider a chart showing the variation of either knock-limited
or preignition-litited air flow with fuel flow upon which two inter-
secting straight lines OSC and OR~ are obtained. (The triangular

area enclosed by tho %oundary
s*ORC is the ~oc~ng or preigniti?lg

region.)
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Construct through the intersection a line OP of constant’
fuel-air ratio and Qick any two points. Q and Q’ on this line.
~aW the llnf3S”Of constant fuel ‘$’Iow”QS”and Q~S’- and-of COn.

stant air flow QR and Q’R’. Let a and f represent air
flow and fuel flow, respectively, above and to the left of the ,.
line OP (corwi.d.eredto be the iea,n-mixtureregion) and let .X’
and F represent air flow and fuel flow below and to the,rigfitof
OP (consider~d to be the rich-mixture region)+ The fuelrairratio
of the line OP (approximatelythe stoichj,ometricmixture,ratio)
can then”be represen%d as:

fjA = a, (1)

When the length of tlielines w and Q,S (with or without
primes) are represented by AF and Aa, by proportion

Ao. .~=AF —.
A?‘ OQ’ AF’

Rearranging the first and last members of the equ~~tion,

Aa Aa’
E=m=p

(2)

where Q is a constant. But by tho nature of th~ construction

AF=F-f

Aa =n- ~

Nqwtion (2) then becomes

.,.,.-A= v(F - f)

Substitution of tiquati.on(1) into equation

(a-= LE+ (l-W)
f a A a

~(3)

(3) gives ‘

(4)

The air-fuel ratio at point S is therefore a straight-line func-
tion of the fuel-air ratio at point R.

In the rich-mixture region, the power (or at constant speed,
the imcp) developed by an internal-combustionengine is roughly
proportional to the rate of nir induction. H’ence,the line QR is
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approximately representative of a constant-yower curve. Similarly,
in the lean-mixture region the power developed is roughly propor-

. tional to the rate of %el induction; the line QS
represents a constant-yower curve. Points S and
represent engine operation at about the same power
approximations tend to give increasingly erroneous
limits of combustion are approached.)

When equation (4) is applied to knock-limited

a~prox-imaiely
R therefore
output. (These
results as the

or preignition-
limited engine data, the air-fuel ratio at lean mixtures is ylotted
against the fuel-air ratio at rich mixtures at corresponding powei?
outputs. .

RESULTS ANDDISCUSS1ON

In order to illustrate the correlation, knock-limited perform-
ance data taken frpm references ~ and 5 tare plotted in figure 1,
These data were selected merely because the performance curves extended
to quite low fuel-air ratios. No attempt TTaS made to ascertain whether
the c@ts of knock-limited air flow against fuel flow gave straight
lines, but a“visue,linspection l~asmade of the curves of knock-limited
indicated mean effective pressure ,ngainstfuel-air ratio to make sure
they appeured normal. The analysis was also checked in terms of ‘
preignition-limiteddata (from reference ~~ which arc presented i.n

figure 2.

In the preparation of figures 1 and 2; the air-fuel ratio at
lean mixtures was plotted .against.the fuel-air ratio at rich mix-
tures for identical values of the knock-limited or preignition-
limited indicated me~ effective pressure on each side of the minimum
indicated-mean-effective--pressurepoint. The data points shown were
taken from the faired curves of the references at the specific
indicated-mean-effective-pressurevalues indicated. The value of CL
was then chosen as the fuel-air ratio at the minimum indicated mean
effective pressure and u was so adjusted that the best straight.
line could be drawn through the plotted points. The resulting
straight lines are sho~.mon the figures.

An inspection >f figure 1 indicates that the metlnodapplies
for the data presented at fuel-air ratios below about 0.085. Above
this v~ue the ~oints tens to ~all below and to the right of the .
straight line, which might be caused by the proximity of the data
to the combustibility limits in the lean-mixture region. In general,
it is impossible to attain as high pol}erin the lean-mixture as in‘k
the rich-mixture region. In the worst case (fig. l(c)) the devia-
tion o? the data from the correlation line amounted to about 5 per-

\ cent on the fuel-air-ratio scale, or about half this amount when
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the deviation is distributed.between
air-fuel-ratio scales. Even when an
(fig. l(d)), the relation was nearly

5

the fuel-air-ratio and the
internal coolant was injected
linear. .

The preignition-limiteddata usually had a larger a value
than the knock-limited data presented.,which permitted including
data at higher fuel-air ratios. Some tendency for the points to
fall above and to the left of the correlation line i.sto be noted
s,tthe k$gher fuel-air ratios (particularlyin figs. Z?(b)and Z(c)),
but this trend was not consistent. (See fig, 2(e).) Inno case
were the deviations of the preignition-limitedpoints from the
line more than 4 percent on the fuel-air-ratio scale.

The minimum hot-s~ot (preignitionpromoter) temperature required
to produce preignition is knmm to be insensitive to fuel-air ratio
and charge density. (See reference.) The hot-spot temperature,
cm the other hand, is expected to be dependent upon the heating and
cooling capacities of the combustible mixture; ana’the effectiveness
of these capacities is reflected in the observed variation of
preignition-limited charge density with fuel-air ratio. Let the total
cooling capacity of the excess air in the lean region ana the “excess”
fuel in the rich region per unit weight be represented by Ca and
CF, respectively. (These quantities must be regardedas covering the
ovor-all cooling capacities; for instance, CF includes the effects
of latent heat of valorization, of sp~cific heat, and also of the
azcess fuel on the energy release from GCmbUStiOn.) In the notations
of the sketch presented under ANALYSIS, the total cooling ce,pacityof
the excess air alc~~ the line QS should be approximately equal to
the total cooling capacity of the excess fuel along the line QJt;
that is, CaAEL= CFAF. If this expression is compamd with equa-
tion (2), p appears to be equal to the ratio CF/Ca - provided that
the assumptions are valid. For the data in figure 2, the observed
values of’ p varied from 11.2 to 15.7.

. --- . - - .,...—----- .. . .—. .—. .. . . .. ...



NACA CB No. E5J11

,

SUMMARY OF I@ULl!S

When the air-fuel ratio at lean mixtures was plotted against
the fuel-air ratio at rich mixtures for identical values of knock-
limited (or preignition-limited)indicated mean effective pressure
on each side of the minimum indica+ted-mean-effective-pressurepoint,
the daiz fell very close to a straight line in almost all of the
cases Investigated. The correlation old.%inedindicates that the
influential variables controlling the knock-limited (or preignition-
limited) performance of a fuel in the lean-mixture and rich-mixture
branches of the performance curves are related.

Aircraft Engine Research Laboratory,

1.

2.

3*

4*
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6.

National Advisory Committee fo~ Aeronautics,
Cleveland, Ohio.

REFERENCES

Gilbert, Mitchell: Efi’ectof Aromatics and Spark Advance on
Thermal Efficiency. NACAARR, Sept. 1942.

Pinkel, Benjamin, and Ellerbrock, Heman H., Jr.: Correlation
of Cooling Data from an Air-Cooled Cylinder and Several Multi-
cylinder Engines. NACA Rep. No. 683, 1940.

Male, Donald V., and Evvard, John C.: Preignition-LimitedPer-
formance of Several Fuels. EACAARR NO. E5~, 1945.

Bellman, Donald R.: The Wock-Limited Performance of Several
Miscellaneous Fuels Blended with a I!aseFuel. NACA ACR

NO. E4G08, 1944.

Bellman, Donald R., and Evvard, John C.: Ihock-Limited Perform-
ance of Several fiternal Coolants. WCAACR NO. 4B08, 1944.

Alq.zist,Henry E., and Male, Donald Ii.: Trends in Surface-
Ignition Temperatures. NACAARR IJO.”E4125,1944.



24 ., 1 v , ,#, ,r,* #v
NATIONAL AOVISORY

lf-n’- 3 , 1 , ~ , , v ,

COWITTEE FOR AERONAUTICS

Knock-limi:ed 1lep

22 . P ?1 )

- ’200
.:
s
w
K

c1
a

$

* 160

2w
a
h ~ 15!)

~ 16 /

z
d/ 147

~ /
4 r

/
Curve represents equation

14 “ / ~+(l-a~)1 :=aA
/

a
where a = 0.065; p = 21.2P

12
.05 .06 e07 .Og ,09

Fuel-air ratio, F/A (richmixture)
(a) M-F-28, Amendment-2, fuel. (nta fromreference4, fig.l(b).)
FiWW 1. - Correlationof lean-mixtureair-fuelratiowithrich-mixturefuel-air
ratioat correspondingknock-limitedindloatedmeaneffectivepressure. CIT?
engine;four-holecyllnder,duallgnltion;sparkadvance,30°B.T.C.; compression
ratlo$ 7.0; Inlet-airtemperature,250° F; coolanttemperature,250° l’;engine
speed, 2500 rpm.
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(b)10 percent(byvol.)methyltert-butylether,90 percentAR-F-28,Amendment-2,
fuel. (Mta fromreferenoe4,=. l(b).)

Fi@u?e1. - Continued.Correlationof lean-mixtureair-fUelratiowith rich-mixturefuel-air
ratioat correspondingknock-llmltedindicatedmean effectivepressure.CFR
engine;four-holecyllnder,dual Ignition;sparkadvance,30° B.T.C.; compression
ratio, 7.0; inlet-airtemperature,250° F; coolant temperature,250° F; engine
speed, 2500 W.
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(c)10 percent(byvol.) mesltyloxide,90 percentAN-F-28,Antendment-2,fuel. (Mta
fromreference4, fig.l(b).)

Figure1. -Continue&. Correlationof lean-mixtureair-fuelratiowithrich-mixturefuel-air
ratioat correqondingknock-limitedindicatedmeaneffectivepressure.CFR
englm; four-holecylinder,dualIgnition;spark advance, 30°B.T.C.;compression
ratio,7.0;inlet-airtemperature,250°F; coolanttemperature,250°F; engine
speed,2500rpm.
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(b)Benzene. (Datafromreference3, fig.5.)
Fi~ 2. - Continued.Correlationof lean-mixtureair-fuelratiowith rich-mixturefuel-air
ratioat corms ndlngpreignition-limitedIndicatedmeaneffectivepressure.

rCFR engine;180 shroudedintakevalve;four-holecylinder,dual ignition;spark
advance,20° B.T.C.;compressionratio, 7.0; inlet-ah temperatuzw,225°F;
coolanttemperature,250°F; engim speed,1800rpm.
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(c)Dlleobutyle~. (Datafromreference3, flg.5.)
Figure 2. - Continued.Correlation of lean-mixtureair-fuelratiowithrich-mixturefuel-air
ratioat correspondingpreignition-limitedindicatedmeaneffectivepressure.
CFR engine;180°shroudedintakevalve;four-holecyllnder,dualIgnition;spark
advanw, 20°B.T.C.;compressionratio,7.0;inlet-airtemperature, 225°F;
coolanttem~mture, 2500F; enginespeed,1800rpm.
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Fi@re 2. - Continued.Co-lation of lean-mixtureair-fuelratiowith rich-mixturefuel-air
ratioat ce)rresendingpreignition-limitedindicatedmeaneffectivepressure.

11CI!Rengine;180 shroudedintakevalve;four-holecylinder,dual ignition;spark
advanoe,20° B.T.C.;compressionratio,7.0;inlet-airtemperature,225°F;
coolanttemperature,250°l’;enginespeed,1800rpm.
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(e) Tript+ne. (Mtafromrefereme 3, fig. 6.)
Figure 2. - Concluded.Correlationof lean-mixtureair-fuelratiowithrich-mixturefuel-air
ratioat correspondingpreignition-limitedindicatedmeaneffectivepressure.
CFR eqgine;180°shroudedintakevalve;four-holecylinder,dualignition;spark
advance,20°BeT.C.;compressionratio,7.0;inlet-airtemperat~, 225° l’;
coolanttemperature,2500 F; engine speed, 1800 rpm.
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